Sensitivity differences between primary and secondary endings of mammalian muscle spindles under various conditions of stretch and fusimotor activation may be due to differences in their respective mechanoelectric transducers or to mechanical properties of the intrafusal muscle supporting those endings. This study of isolated cat muscle spindles examines the strain in individual intrafusal muscle fibers resulting from stretch and fusimotor stimulation.
The degree of local stretch occurring at the sensory endings under these conditions was measured. The results support the hypothesis that the sensitivities of primary and secondary endings are quite similar. They are directly related to the local stretch of the underlying muscle which may be altered by changes in muscle stress and stiffness.
The response properties of the mammalian muscle sptndle are now quite well known (Matthews, 1972 (Matthews, , 1981 Kennedy et. al., 1980) but it is not yet clear how these properties should be assigned to its functional subunits-the intrafusal muscle, the mechanoelectric transducer, or the encoder. (Poppele et. al., 1983; 
Materials and Methods
Spindles were dissected free from tenuissimus muscles taken from anesthetized cats (pentobarbttal sodium, Nembutal, Abbott Laboratories, 35 mg/ kg, or ketamine hydrochloride, Parke, Davis, 20 mg/kg). The isolated receptor, together with about 1 cm of nerve, was mounted in a small chamber by tying each pole (near the capsule sleeve) to a small tungsten wire shaft connected to a servo-controlled Ling vibrator (model 108). The chamber was continuously perfused with oxygenated, modified Krebs' solution (Poppele et al., 1979) . The nerve was drawn onto a pair of electrodes in an adjacent chamber containtng a high density fluorocarbon compound (FC-80, 3M Co.). The entire assembly was mounted on a Zeiss photomicroscope equipped with tine camera and Nomarski optics (see Poppele et al., 1979, and Poppele and Quick, 1981 , for further details).
We defined a rest length for each spindle as the length at which the tension was less than 0.5 mg and the chain fibers were relaxed but straight and not kinked. This rest length (Lo) was measured and recorded photographically for each spindle. Photomontages were traced to provide illustrations for Ftgures 1, 4, and 5. All stretches were applied as a percentage of Lo, ramp stretches being typically 2 to 3 set In duration and from Lo + 5% to Lo + 15%. lntrafusal fibers were identified as previously described (Poppele and Quick, 1981) . Briefly, chain fibers were taken to be those which exhibited kinking for lengths less than Lo (Boyd, 1976) and did not extend beyond the capsule sleeve. The two fibers which did extend further were taken to be bag fibers. The bag 1 and bag 2 fibers were distinguished by the presence of a "creep" In the bag 1 immediately after a stretch (see also Boyd and Ward, 1969) . Sensory endings were easily visualized (see Poppele et al., 1979) but we were unable to see the endings of motor fibers.
Sensory discharges were recorded on magnetic tape and simultaneously recorded unit responses were separated using a window discriminator (BAK Electronics).
Several criteria were used to differentiate the responses of primary and secondary endings. Because of the much larger diameter of the primary afferent, it was usually the case that primary action currents were greater and thus the recorded spikes were larger. In addition, we evaluated the velocity sensitivity and vanability of discharge before assigning a recorded spike train to a primary or secondary type of ending (Matthews, 1972) . Usually we observed a single primary and two or more secondary responses in a single recording.
The example chosen for Figure 2 was one in which there was a single primary and a single secondary unit, and only one secondary ending could be seen in the spindle. Stimulation of the efferent fibers, applied through the same electrodes used for recording, consisted of square wave monopolar pulses of 0.1 msec duration and 3 to 40 V amplitude (typical threshold was 5 V). Stimulation frequency was 80/set. At the temperatures of these experiments (22 to 25°C) this frequency appeared to maximally activate all of the fibers tested. A contraction focus could be readilly localized because there was a clear movement of the fiber toward the focus from either side (see also Boyd, 1976) .
A total of 12 spindles were examined which exhibited contraction in one or both poles, including one tandem spindle in which a contraction occurred between the primary endings. Detailed quantitative measurements of length and strain were made in five of these. The methods used for measuring stratn and sarcomere length were described previously (Poppele and Quick, 1981) . In addition, a number of spindles were examined and recorded from in which no attempt was made to stimulate fusimotor fibers. Detailed measurements and recordings of sensory discharges were made at several fixed lengths in three of these spindles, Results lntrafusal muscle fibers in a passively stretched, isolated muscle spindle were stretched relatively more near the spindle poles than in the capsule space. This is demonstrated by a plot of sarcomere length along a single bag fiber in Figure 1 . Sarcomere spacing was greater near the pole (2.5 to 2.6 pm) than in the region near the primary sensory ending (2.2 to 2.3 pm), when this spindle was stretched to 5% greater than its rest length, Lo.
Sarcomere length provides a direct measure of local muscle fiber strain; that is, the local stretch (or change in length per unit length) induced by a stretching force. Local strain resulting from a stretch of the spindle to Lo + 12.5% is also plotted in Figure 1 as percentage of change in sarcomere length in 200~pm segments along the fiber length. By this measure, the fiber was stretched by 14.5% near the pole and about 10% near the secondary ending. Strain at the primary ending, measured as the percentage of change in the distance between nerve endings, was only 6%.
Because strain is equal to the stretching force per unit crosssectional area (or the local stress) divided by the local stiffness (or elastic modulus), the observed distribution of strain in this fiber could result from local differences in stress or stiffness. The total stretching force in the spindle is the same at every point along its length, and it is shared by the parallel elements of connective tissue and muscle fibers. The proportion of force carried by each of these elements differs at the poles and the equator because of differences in the structure of the two regions. The poles contain fewer muscle fibers (two in this case) and less consecutive tissue than in the equator, therefore, each muscle fiber carries a large percentage of the total force and thus is subject to a relatively high stress. At the equator, about half of the total force is carried by the capsule (Poppele et al., 1979 ; R. E. Poppele, and D. C. Quick, unpublished observation) and the remainder is distributed among a relatively large number of intrafusal muscle fibers and their associated connective tissue. Stress in the bag fiber is therefore less near the primary ending than at the pole. The distribution of stress from equator to pole would account for the observed distribution of strain in those regions without invoking any additional variation in stiffness. However, the small strain at the primary ending itself is probably the result of a high level of local stiffness, because the stresses at the primary ending and the juxta-equatorial areas of the bag fiber should be nearly the same (see also Poppele et al., 1979) .
One result of the observed distribution of strain is that, under these conditions of passive stretch, the secondary endings, located in regions of greater strain, are stretched more than the primary endings. In another spindle, we recorded the static discharge rate of a primary and secondary ending beginning 1 min after the spindle was stretched to successively longer lengths from Lo to Lo + 20%. At each length we also photographed the secondary and primary endings and measured the strain at those locations. The results are plotted in Figure 2 . The correspondence between strain and discharge rate was quite close for this receptor, and it illustrates our general observation (six cases) that the position sensitivity of the secondary was always greater than that of the primary ending.
The magnitude of strain at the sensory endings may also be affected by the changes in intrafusal stiffness which occur when the muscles contract. The extent of the shortening that can result from the fusimotor activation of a bag 2 fiber and of chain fibers is illustrated in Figures 4 and 5 , respectively. In both cases illustrated, the shortening occurred toward the spindle pole with a compensatory lengthening at the sensory endings. The same general pattern was observed in 10 other spindles in which contractions were observed in chain and/or bag 2 fibers. For the spindle illustrated in Figure 4 , stimulation caused a local shortening of the bag 2 fiber at a contraction focus. At the juxta-equatorial region, illustrated in Figure  3 , the bag 2 fiber was slightly stretched, but a chain fiber was dramatically unloaded as the primary ending was pulled toward the contracting pole.
The changes in muscle stiffness that accompanied this bag 2 contraction may be estimated from the data presented in Figure 4 . This spindle was first stretched passively by 10% (from Lo + 5% to Lo + 15%) and the resulting strain was determined in the bag 2 fiber. Next, the same stretch was applied in the presence of fusimotor stimulation at 80/set. The area around the contraction focus, now stiffer, was stretched less than before, whereas regions of the fiber with little or no increase in stiffness were stretched correspondingly more than before the contraction. The bag 2 fiber in this spindle contracted by 11.5% near the pole, causing a lengthening of about 5% at the sensory endings. When the stretch was applied with fusimotor stimulation, the fiber stretched only 7% at the contraction focus. Concurrently, strain at the secondary ending increased to more than 12% to compensate for the smaller polar strain. Strain at the primary ending was less affected by the contraction, perhaps due to its greater inherrent stiffness.
As illustrated in Figure 3 , contraction of one intrafusal fiber can also change the distribution of stress by unloading adjacent fibers. This can decrease the sensitivity of endings on the unloaded fibers and increase the sensitivity of those on the contracting fibers. Another example is illustrated in Figure 5 . Chain fibers contracted in one pole of this spindle with a compensatory stretching of the sensory areas. The bag 1 fiber was also shortened by a small amount over the same half of the spindle. The rapid time course of bag 1 shortening was nearly identical to that of the chain fiber contraction, in contrast to the slow contraction expected from a bag 1 activation (Boyd and Ward, 1975; Boyd et al., 1977) . Together with the finding that the bag 1 fiber was also shortened at the primary ending, where no contraction is known to take place, these observations clearly indicate that the bag 1 shortening was secondary to the chain fiber contraction.
Discussion
The results presented here show that the magnitude of local stretch in the intrafusal muscle at the site of a sensory ending may play a major role in determining its sensitivity. Although it might be argued that differences in mechanoelectric transduction between primary and secondary endings account for differences in their respective sensitivities to stetch, we found that, under static length conditions, local intrafusal strain at the sites of these endings was Figure 7 . Passive muscle spindle strain. Lower Plot, Sarcomere length in a bag fiber plotted along its length in one pole. The spindle was traced from a photomontage taken with the spindle stretched at 105% of its rest length (Lo + 5%). Sarcomere measurements were made at the same length. Each data point represents the average sarcomere length along 40 pm of the fiber. Images are reproduced from tine frames for the relaxed (upper) and contracted (lower) muscle. The bag 2 fiber and a chain fiber are labeled. The chain fiber becomes kinked by the unloading that occurs during the bag 2 fiber contraction.
Calibration: 11 pm/minor division.
closely correlated with their respective position sensitivities, This observation suggests that there is little intrinsic difference in the sensitivities of mechanoelectric transducton in primary and secondary endings. This conclusion depends, of course, on the implicit assumption that intrafusal muscle strain is transmitted without slip or yield to the overlying sensory terminals. Given the structure of the connections between nerve and muscle, particularly at the primary endings, it is difficult to imagine how there might be any movement between them. The nerve terminals lie deeply embedded in grooves in the muscle fiber surface, and there are desmosome junctions (macula adherens) connecting the nerve and muscle fibers (During and Andres, 1969; Quick, 1985) . The question, though, is whether there is relative movement betweeen nerve endings and sarcomeres. The evidence on this point is also circumstantial, but it suggests that there is not. The grooves in which the nerve terminals lie are deep enough that they indent the myofilament matrix. Thus, any movement of the matrix with respect to the surface would require a redistribution of the matrix itself. Furthermore, the Z-lines of the sarcomeres are often seen to be aligned with desmosome junctions (Kennedy et al., 1975) suggesting that the sarcomeres maintain a constant relationship to the nerve terminals.
The finding that primary ending strain and sensitivity are both less than the respective values for secondary endings appears to be inconsistent with the well known fact that primary endings are up to 10 times more sensitive than secondary endings to very small stretches (less than 1%; Matthews and Stein, 1969; Poppele, 1973) . Lacking any direct measurements of strain for such small stretches, we can only speculate about how this difference might arise. Several studies have suggested that the difference in spindle sensitivities to small and large stretches results from mechanical properties of the intrafusal muscle (Lennerstrand, 1968; Hasan and Houk, 1975; Matthews, 1972, Chen and Poppele, 1978) . The sensitivity of both primary and secondary endings is much greater for small stretches than for large stretches, and this is generally believed to be a property of the short-range elastic component (SREC) produced by bound cross-bridges in the intrafusal muscle (Hill, 1968; Brown et al., 1969; Hunt and Ottoson, 1976) . A decrease in the SREC would occur as the stable cross-bridge bonds are broken by stretches that exceed their elastic limit (about 0.5% of sarcomere length). The effect of the SREC would be different on primary and secondary endings, because the muscle at primary endings has fewer myofibrils than the muscle at the secondary endings (Banks et al., 1982) . Therefore, the secondary endings tend to be mechanically in parallel with the SREC, whereas the primary endings are mostly in series, and most of the stiffness of the SREC would occur outside the primary sensory area (Emonet-Denand et al., 1980 ). An increase in the SREC would therefore result in a greater increase in muscle strain at primary endings than at secondary endings. For large stretches, when stable bonds are broken and the SREC is very small or absent, the parallel elastic component would support the stretching force. This component results from the elastic properties of the basal lamina and various other collagen and elastic tissues that lie in parallel with primary and secondary endings (Merrilees, 1960 , Barker, 1974 Cooper and Gladden, 1974; Banks, 1983) . The strain measured under static conditions with large stretches would therefore reflect the stiffness of this parallel component which is greater at the primary endings than at the secondary endings (see Fig. 1 ).
The relation between spindle sensitivity and intrafusal muscle contraction also depends on muscle stiffness which is increased by the contraction. The data presented here suggest that the increase in series elastic component due to the contraction is largely confined to parts of the muscle that actively contract (see also Boyd et al., 1977) . Muscle adjacent to a contractile focus becomes comparatively less stiff and will therefore stretch more than when no contraction is present. The example of Figure 4 showed that a contraction in a bag 2 fiber could lead to an increase in stretch at the secondary ending. In this case, the contraction focus of the bag 2 fiber may have been located further toward the pole than is usual for bag 2 motor innervaion (Barker et al., 1976; Arbuthnott et al., 1982) . If a contraction of the same extent had been closer to the sensory endings, then stiffness could have increased at the secondary ending as well. In that case, secondary sensitivity would have been decreased rather than increased by fusimotor stimulation. This suggests that the net effect of intrafusal contraction on secondary endings could depend on the distance between a site of contraction and the endings. Therefore, the effect of bag 2 contractions on secondary endings might range from an enhancement of its resting discharge and stretch sensitivity to a decrease in resting discharge and stretch sensttrvity or no change at all. Moreover, the possible unloadrng of chain fibers by a bag 2 contraction, illustrated in Figure  3 , would also decrease the strain on secondary endings that might be located on those fibers. In fact, in many spindles, bag 2 contractions produce relatively little change in secondary sensitivity, in contrast to chain contractions (Boyd et al., 1984) . The fact that chain contractions tend to produce a vigorous response in secondary endings suggests that a consistently greater strain is induced at those endings by these contractions. Perhaps the increased stiffness resulting from a chain fiber contraction is less likely to include the territory of the secondary ending (Arbuthnott et al., 1982) . Indeed, in the spindle illustrated in Figure 5 , the boundary between shortening and compensatory lengthening was quite abrupt with a large stretch of the secondary endings. The amount of lateral coupling between intrafusal fibers, which appears to be rather loose except at the primary ending, is sufficient to allow mechantcal interactions among the different ftber types, Thus, even though fusimotor activation may directly affect only one type of intrafusal fiber (e.g., chains or bag 2) endings on other fibers may also be affected. The chain contractions of Figure 5 which stretched endings on chain fibers would relax primary endings on the bag 1 fiber. Furthermore, a subsequent stretch would stretch the unloaded bag 1 fiber less, and if the dynamic response of the primary ending can be ascribed to the bag 1 fiber, that would also be relatively decreased.
The arguments presented above suggest how, from the observed changes in muscle strain, the responsiveness of primary and secondary endings might change in the presence of fusimotor activation Although the suggested changes are in general agreement with many well known fusimotor effects (Matthews, 1972; Emonet-Denand et al., 1977; Boyd, 1981 ) they need to be confirmed directly by recording from the same receptors in which the strain measurements are made, as we did for the position sensitivity.
Another point that needs to be mentioned is that the effects of stretch and stimulation may not be the same in the isolated spindles as for spindles in situ. To begin with, the overall sensitivity of both priiary and secondary endings of isolated spindles is less than that for the same spindle in the intact extrafusal muscle (R. E. Poppele and D. C. Quick, unpublished observations). This seems to be due to a loss of extrafusal muscle elements that connect directly to the capsule. Therefore, in situ, the capsule may be stretched directly by the surrounding tissue so that the stretching forces can act on the sensory endings by effectively by-passing the compliant polar muscle (cf. Poppeie et al., 1979) . Second, our isolated spindles are not whole; the distal poles (containing only the ends of bag fibers) are usually lost or damaged in the process of mounting them to the pullers. It is difficult to assess the mechanical effect of this damage, but it appears to have no serious effect on the ability of a fiber to contract. At least the locations and extent of the observed contractions correlate weti with the locations and extent of glycogen depletion induced by fusimotor contraction in intact spindles (Barker et al., 1977) .
Finally, we are reporting here only the mechanical effects of fusimotor contractions in a single fiber type and in a single pole.
